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Objectives: The ﬁrst objective of this study is to evaluate the impact of integrating a single-
source system into the routine patient care documentation workﬂow with respect to process
modiﬁcations, data quality and execution times in patient care as well as research docu-
mentation. The second one is to evaluate whether it is cost-efﬁcient using a single-source
system in terms of achieved savings in documentation expenditures.
Methods: We  analyzed the documentation workﬂow of routine patient care and research
documentation in the medical ﬁeld of pruritus to identify redundant and error-prone process
steps. Based on this, we established a novel documentation workﬂow including the x4T
(exchange for Trials) system to connect hospital information systems with electronic data
capture systems for the exchange of study data. To evaluate the workﬂow modiﬁcations, we
performed a before/after analysis as well as a time–motion study. Data quality was assessed
by  measuring completeness, correctness and concordance of previously and newly collected
data. A cost–beneﬁt analysis was conducted to estimate the savings using x4T per collected
data element and the additional costs for introducing x4T.
Results: The documentation workﬂow of patient care as well as clinical research was mod-
iﬁed due to the introduction of the x4T system. After x4T implementation and workﬂow
modiﬁcations, half of the redundant and error-prone process steps were eliminated. The
generic x4T system allows direct transfer of routinely collected health care data into the x4Tresearch database and avoids manual transcription steps. Since x4T has been introduced in
March 2012, the number of included patients has increased by about 1000 per year. The aver-
ation time per patient visit has been signiﬁcantly decreased by 70.1%age  entire document(from 1116 ± 185 to 334 ± 83 s). After the introduction of the x4T system and associated work-
ﬂow changes, the completeness of mandatory data elements raised from 82.2% to 100%. In
case of the pruritus research study, the additional costs for introducing the x4T system
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are D 434.01 and the savings are 0.48ct per collected data element. So, with the assumption
of  a 5-year runtime and 82 collected data elements per patient, the amount of documented
patients has to be higher than 1102 to create a beneﬁt.
Conclusion: Introduction of the x4T system into the clinical and research documentation
workﬂow can optimize the data collection workﬂow in both areas. Redundant and cum-
bersome process steps can be eliminated in the research documentation, with the result
of  reduced documentation times as well as increased data quality. The usage of the x4T
system is especially worthwhile in a study with a large amount of collected data or a high
number of included patients.
©  2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under
Y-NCthe  CC B
1.  Introduction
1.1.  Scientiﬁc  background
Routine patient care as well as clinical research often requires
documentation of large amounts of data for each patient. The
medical documentation usually occurs in electronic health
record (EHR) systems, whereas research documentation is
entered in electronic data capture (EDC) systems. EHR sys-
tems contain a comprehensive data basis and the number
of patients having a basic electronic medical record is con-
sistently increasing [1]. However, the fact that physicians
already spend 25–30% of their daily working time on electronic
documentation [2,3] creates the demand of less, especially
redundant documentation work. In this regard, the so-called
single-source approach attempts to capture data once and
reuses it again for different purposes. Theoretical frameworks
[4,5] have been developed for the secondary use as well as con-
crete implementations within EHR systems [6–10] and data
warehouses [11–13]. However, the secondary use is not unre-
strictedly possible, because EHR data is not always available in
a structured manner as needed to facilitate the research pro-
cess [14]. Furthermore, the fact that data is present does not
mean that it is necessarily trustworthy [15]. Therefore, a key
challenge for the secondary use is the quality of data to attain
research objectives.
In the context of adapting new Health IT systems, such as
EHR or computerized provider order entry systems, changes
are often introduced in the common workﬂow [16]. Apart from
time-savings through the implementation of a single-source
system, reported by Köpcke et al. [9], workﬂow processes
might be changed, which often remains unconsidered.
A faster documentation workﬂow and increased data qual-
ity thanks to a revised process can be obtained through a
careful introduction of a single-source system. Nevertheless,
costs should be taken into account for operating a single-
source system. A comparison between time and associated
cost savings and the efforts for setting up and running such a
system is essential for its proﬁtability.
1.2.  Rationale  for  the  study
With the aim of supporting the secondary use of EHR data,
a generic single-source architecture was jointly developed
by the authors at the Institute of Medical Informatics and
the Department of Information Systems at the University of-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Münster. Based on this architecture, the x4T (exchange for
Trials) system was developed to enable efﬁcient study docu-
mentation with routinely collected patient care data from EHR
systems [5].
The technical feasibility of the x4T system has already been
demonstrated in three different use cases: an observational
study in the department of dermatology since March 2012, a
biobank in the department of angiology since September 2012,
and an investigator initiated trial in the department of psycho-
somatic medicine since March 2013. However, to what extent
the usage of the single-source system implies modiﬁcations
on the routine patient care and clinical research documenta-
tion workﬂow remains unknown. Implementing healthcare IT
often results in a change of work execution and to the authors’
knowledge an integration of a secondary use system into the
routine patient care documentation process has not been eval-
uated before. Apart from this, the effort for setting up such a
system in comparison to likely beneﬁts has also not yet been
evaluated.
1.3.  Objectives  of  the  study
The objective of this study is to assess the impact of the x4T
system for the secondary use of EHR data. Particularly, this
paper aims to address the following research questions:
• What workﬂow effects are associated with integrating a
single-source system into the routine patient care docu-
mentation process?
• How is the data quality, in particular completeness, correct-
ness and concordance affected by the integration of x4T?
• Are the savings that are achievable with x4T greater than
the expenditures of its introduction in a clinical study doc-
umentation workﬂow?
2.  Study  context
2.1.  Organizational  setting
The subject of this evaluation was the data collection work-
ﬂow in the Competence Centre Chronic Pruritus (KCP), a part
of the department of dermatology at the University Hospital
Münster, Germany, employing three physicians and 10 health-
care professionals in total. With approximately 2,500 patients
per year (as of 2012), it is specialized in the treatment of all
kinds of pruritic dermatoses such as atopic dermatitis. The
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ruritus research study in the KCP was chosen as they have
 large patient collective of retrospectively and prospectively
ollected data.
.2.  System  details  and  system  in  use
n the former process, physician-based documentation was
erformed on paper forms, whereas a part of patient ques-
ionnaires were completed on paper and another part on
lectronic devices [17]. Data from these electronic question-
aires was automatically imported into the EHR system ORBIS
Agfa Healthcare) [18]. Clinicians as well as patients are highly
atisﬁed using this digital method [19]. Physicians collected
ata regarding diagnoses, localization, trigger and quality of
ruritus on the initial as well as follow-up medical history
aper form. The local paper-based itch questionnaire (Neu-
oDerm) collects data about pruritus like quality, score of the
ntensity, trigger factors, etc. and is completed by the patient
t home before the appointment.
For archive and research purposes, a documentation assis-
ant transcribed data from the medical history and the patient
uestionnaires onto a paper-based database preparation form
DPF). From there the data is again transferred manually into
he Excel research database by a documentation assistant.
his database consisted of a large Microsoft Excel spread-
heet comprising 2,075 study subjects with 139 data elements
er patient, which have been collected since 2009. Simple
unctions for descriptive analyses were also included. To
ive physicians a brief overview of the entire data in the
atient record, a summary sheet was prepared for each patient
ncounter. This sheet was created out of the Excel database
nd contained relevant data elements from the medical his-
ory and patient questionnaires.
To facilitate secondary use of routinely collected EHR data,
he x4T system was used. In contrast to typical commercial or
pen-source EDC systems (e.g. OpenClinica [20], REDCap [21]
r DADOS [22]), x4T-EDC – as part of the x4T architecture –
rovides the opportunity to communicate with EHR systems.
he architecture is based on the “Extraction and Investigator
eriﬁcation”-scenario of the Clinical Data Interchange Stan-
ards Consortium (CDISC) Electronic Source Data Interchange
eSDI) [23] group. This group has identiﬁed ﬁve possible sce-
arios for the clinical trial documentation between sites and
ponsors using eSource (electronic source data) collection
nstruments. Three of them propose a strategy in which data
s entered once in the EHR or separate system and used for
ultiple purposes. For all scenarios the CDISC eSDI group has
nalyzed and assessed the regulatory requirements found in
CH-GCP [24] and FDA 21 CRF Part 11 [25] predicate rules. The
xtraction and Investigator Veriﬁcation-scenario comprises a
alidation step at the local site before the eSource data is
ransferred to the sponsors system. The x4T architecture was
eveloped according to the requirements stated from the eSDI
roup; e.g. that data should be captured as speciﬁed within the
rotocol or the location of source documents and data shall be
learly identiﬁed.
As shown in Fig. 1, x4T consists of two major components:
he x4T-EDC [26] research database and the Clinical Interface
hat serves as mediator between EHR and EDC. f o r m a t i c s 8 3 ( 2 0 1 4 ) 915–928 917
x4T-EDC is based on a native XML database (eXist-db
[27]) with XQuery and XForms capabilities. The XML-based
Operational Data Model [28] from CDISC is used for communi-
cating and processing eCRFs (electronic Case Report Forms) on
which research documentation occurs. The research database
contains the functionality of requesting, receiving, and inte-
grating EHR data as well as audit logging for entered data.
Furthermore, the x4T architecture offers the ability to directly
register eligible patients for the study within the EHR system.
Currently, it is used for observational studies and patient reg-
istries.
EHR communication is established by the second compo-
nent: the Clinical Interface, which is located at each hospital.
This interface is connected to the EHR database and provides
secured web services for the x4T-EDC interaction. Research
databases usually contain de-identiﬁed data, thus to allow
re-identiﬁcation a mapping table at each site links patient
IDs and subject IDs for each study. The Clinical Interface
includes a semantic component. For the identiﬁcation of eli-
gible EHR data, research and clinical data are annotated with
concept codes of common terminologies such as NCI The-
saurus, SNOMED-CT, etc. A request is sent from x4T-EDC
to the Clinical Interface containing these semantic annota-
tions. To query the corresponding EHR values, a local mapping
is deﬁned that links concept codes to local hospital codes
including database query templates. In case of matching
codes the real patient is re-identiﬁed in the Clinical Inter-
face, data values are extracted from the EHR and transferred
to x4T-EDC. In addition to clinical values, meta-information
concerning the EHR source is provided such as timestamps
of the record and user IDs to facilitate traceability. Plausi-
bility and completeness of data is validated by the clinical
user.
The observational study of pruritus was approved by the
local ethics committee and the x4T architecture was approved
by the local data protection ofﬁcer. In the pruritus study an
informed consent is obtained from each patient.
3.  Methods
3.1.  Study  design
To evaluate the documentation process and execution times
as well as data quality in the pruritus documentation work-
ﬂow, we  have performed a before-after study. Semi-structured
interviews were conducted to identify the process before and
after x4T implementation. A time–motion study was con-
ducted to measure process execution times. To evaluate x4T’s
economic efﬁciency, a cost–beneﬁt analysis was conducted.
3.2.  Participants
In this evaluation study, three physicians, two study nurses,
and three documentation assistants of the KCP were involved.
For the cost–beneﬁt analysis a medical informatics profes-
sional constructed EHR forms and mappings between EHR and
EDC data elements.
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Fig. 1 – x4T-architecture to connect patient care and clinical research, consisting of two major components: Clinical
teraInterface, located in each hospital to mediate the EHR-EDC in
3.3.  Study  ﬂow
In 2009 the former pruritus documentation workﬂow was
established. In March 2012 it was replaced by the new x4T pro-
cess. The entire evaluation period – shown in Fig. 2 – took place
from December 2011 until December 2012 and was divided
into a before- and after-phase:
1. In the before-phase, the paper-based documentation work-
ﬂow was analyzed before x4T introduction. The workﬂow
was modeled at the end of 2011 and after that, process exe-
cution times were measured for particular tasks. Legacy
data was analyzed and corrected before the x4T system
went live at the end of March 2012.
2. The post-phase concerns the evaluation of the new docu-
mentation process. x4T had been running for ﬁve months
Fig. 2 – Study ﬂow:  Entire evaluation period: December 2011 unt
performed from December 2011 to March 2012. Interviews and p
motion study took place in January 2012. Legacy data evaluation
before the x4T system went live at the end of March 2012. After 
study was performed. Data quality analyses were carried out betction and the x4T-EDC system.
– from the end of March 2012 to the end of August 2012
– before the measurements of the new process were con-
ducted from mid- until the end of September 2012. The data
quality analysis took place from October until the begin-
ning of December 2012. After that the cost–beneﬁt analysis
was conducted.
3.4.  Outcome  measures  and  evaluation  criteria
For the evaluation study the following aspects were focused
on:1. The impact on the documentation workﬂow of x4T’s inte-
gration was identiﬁed in terms of the number of process
steps, execution times and participating clinicians.
il December 2012. The before-x4T observation was
rocess analyses were  conducted in December. The time and
 was done at the end of the implementation phase in March
an operational phase of ﬁve months the time and motion
ween October and December 2012.
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was averaged, which is D 13.00 per hour.
1 Monthly average charge for 10 GB webspace based on: hoes-
teurope.de, all-inkl.com, contabo.de, spacequadrat.de, 1blu.de andi n t e r n a t i o n a l j o u r n a l o f m e d i  c 
. In terms of data quality, completeness, syntactical correct-
ness and concordance between data of the former and
novel workﬂow were measured and compared.
. Additional costs for setting up a study using the x4T sys-
tem were calculated, as well as the cost savings for the
documentation with the system. This comparison led to
the break-even point for the amount of data elements and
patients that had to be documented in a study to make the
use of x4T cost-efﬁcient.
.5.  Methods  for  data  acquisition  and  measurement
.5.1.  Impact  on  the  workﬂow
e  selected a time–motion study to measure the impact of the
4T introduction on the documentation workﬂow. To analyze
he former documentation workﬂow, face-to-face interviews
ere carried out. Results were documented manually on paper
heets. Process diagrams were depicted using event-driven
rocess chains (EPC) to illustrate the processes as well as
he involved documentation media. Measured activities in the
ime–motion study were obtained from the workﬂow analysis.
heng et al. developed the “Suggested Time and Motion Proce-
ures” that we  considered for reporting in our study [29]. The
ata collection was performed by a neutral evaluator using a
topwatch and results were documented on a paper chart.
.5.2.  Data  quality  acquisition
ata quality was measured by following the methods for com-
leteness, correctness and concordance reported by Weiskopf
nd Weng [15]:
 To calculate completeness, we  applied the method of “Ele-
ment presence”. Therefore, we  determined desired data
elements such as administrative patient data and diagnos-
tic data in collaboration with the research investigator. We
counted missing mandatory values in the former Excel and
the novel x4T-EDC database using database queries.
 “Data element agreement” and “Validity checks” were
applied to measure correctness. In case of data values that
can be derived from other values within the former research
database, these values were compared to see whether they
report the same information. We also performed a format
check of the respective element types like zip-codes and
also compared elements with their expected values like
scores that are deﬁned in a special range. This measurement
was performed using queries for both databases.
 The “Data source agreement” method was used to inves-
tigate whether the concordance of research data differed
after x4T introduction. The agreement of data from the DPF
and data in the Excel database was assessed for the pruritus
workﬂow before x4T introduction. To identify the difference
after x4T introduction the agreement of EHR data and data
within the x4T-EDC system was evaluated.
The investigation of agreement was performed by two doc-
mentation assistants to avoid bias..5.3.  Cost–beneﬁt  analysis
o assess whether the introduction of a single-source system
ill be cost-efﬁcient, we  calculated additional costs CADD SS f o r m a t i c s 8 3 ( 2 0 1 4 ) 915–928 919
for the operation of x4T and compared them with the savings
SaveSS achieved through the reduced documentation work-
load. To obtain a cost–beneﬁt, the savings have to be higher
than the additional costs. All costs were reported in Euro.
Additional costs comprise the following: x4T server rental
fee CServer with an amount of D 4.00 per month nMonth based on
the average rate of different web hosting providers,1 installa-
tion time for the x4T-server CInstall and implementation costs
per empty EHR documentation form CForm, which were derived
from the time spent on developing ﬁve forms relevant for
the documentation in the pruritus study, multiplied with the
costs for a medical informatics professional (TV13: D 29.50 per
hour).2 In addition, the expenditures for creating EHR data
elements CCreate DE and mapping those with elements in the
EDC system CMap DE were calculated. The additional costs were
calculated as follows:
CADD SS = (CServer ∗ nMonth) + CInstall + (CForm ∗ nForm)
+ CCreate DE + CMap DE
We  only consider times for research documentation pro-
cesses and neglect tasks that might only occur in the pruritus
workﬂow, to allow a generalizable estimation for the sav-
ings. We also based the calculation on the assumption that
the IT-infrastructure and the research database have already
existed. The savings with x4T SaveSS were calculated through
the savings per data element SaveDE, obtained by the differ-
ence between costs for the former COld Doc and single-source
CSS Docu documentation workﬂow, multiplied with the amount
of collected elements nDoc DE per patient nPat. To determine
the documentation costs C[Old|SS] Doc, the time per collected
data element was calculated by using the results from the
time-motion study before tOld Doc DE and after tSS Doc DE x4T
introduction. Both times were multiplied with the respective
personnel costs CDoc DE. The savings were calculated as fol-
lows:
SaveSS = (told Doc DE − tSS Doc DE) ∗ CDoc DE ∗ nDoc DE ∗ nPat
The break-even point for the cost-efﬁciency can mainly be
obtained by the number of patients and their captured data
elements. To calculate the break-even point for the amount
of patients that should be documented, we  determined the
amount of data elements that are actually ﬁlled out per patient
in the Excel and x4T database:
nPat >
CADD SS
(tOld Doc DE − tSS Doc DE) ∗ CDoc DE ∗ nDoc DE
Physicians’ costs were based on the German tariff for physi-
cians TV-Ä ash3 (D 45.45 per hour) and for documentation
assistants the tariff for student and scientiﬁc assistants [30,31]strato.de.
2 TV-L salary table: http://www.dfg.de/formulare/60 12/60 12.pdf.
3 Tariff for physicians in Germany: http://www.dfg.de/formulare/
60 12/60 12 en.pdf.
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Fig. 3 – Increase of patient population in the pruritus
research database from April 2012 until September 2013.
dates the data, and determines a deﬁnitive diagnosis. After
this process step the saving of the medical history form trig-3.6.  Methods  for  data  analysis
Microsoft Visio was used to draw the former and novel pro-
cess as an EPC. Statistical analyses were performed in R [32]
to calculate the average time and standard deviation of pro-
cess steps. The one-sided Mann–Whitney-U-test was selected
to analyze the signiﬁcance between the former and the novel
x4T data collection time.
4.  Results
4.1.  Demographic  and  other  study  coverage  data
The former Excel database contained 2075 study subjects,
which were transferred into the new pruritus research
database (x4T-EDC). With the novel workﬂow 967 patients
were added to the x4T-EDC within the operational phase
of ﬁve months. These patients were automatically docu-
mented with data from the EHR system and from manual data
entries.
In total, the patient population in the pruritus x4T-EDC has
steadily increased from the go-live date in March 2012 until
now for about 1000 per year from 2075 to 3785 until September
2013; see Fig. 3. For all patients, who  were processed with the
x4T system, an amount of 16,684 forms – 4165 physician-based
and 12,519 patient questionnaires – were automatically trans-
ferred from the EHR into the x4T-EDC. This increase shows
the keen usage of the novel workﬂow and system respec-
tively.
The former Excel database contained 139 data elements.
Through reorganization, the novel x4T database comprises
213 elements. With the novel system, 135 (63.4%) data ele-
ments can be pre-populated and the remaining 78 (36.6%) are
manually recorded, because those elements are captured by
the patient at home and are therefore not available in the
EHR. For the time-motion study 25 research documentation
workﬂows were observed both before and after x4T imple-
mentation. All patient records in the Excel as well as x4T-EDC
database were considered in the data quality assessment. For
a comparable value of the concordance 40 randomly selected
patients were evaluated.i n f o r m a t i c s 8 3 ( 2 0 1 4 ) 915–928
4.2.  Study  ﬁndings  and  outcome  data
4.2.1.  Impact  on  the  documentation  workﬂow
The former paper-based pruritus documentation workﬂow
in the KCP is shown in Fig. 4. The workﬂow differentiates
between ﬁrst- and follow-up-visits, as well as in- and out-
patients. Due to the claim of obtaining a long-term patient
data collection, outpatients were treated differently in the
way of research documentation, because it was uncertain
whether they show up again after their ﬁrst-visit. Whether
or not patients appear to their ﬁrst or follow-up encounter,
they enter the questionnaires on a mobile device and data
is directly transferred into the EHR. After that the process is
divided into the ﬁrst- and follow-up-visit. Regarding the ﬁrst
encounter, physicians entered information in the initial med-
ical history. On this form, physicians entered a preliminary
and – after further examination – a deﬁnitive diagnosis. Back
at the registration desk, the study nurse completed the DPF
with scores of the NeuroDerm patient questionnaire. Both, the
DPF and the NeuroDerm questionnaire are paper-based forms.
The research documentation for outpatients was then (tem-
porarily) ﬁnished. It would only be continued if the patient had
a follow-up visit. A documentation assistant then continued
the research documentation for outpatients, as well as inpa-
tients, by retrieving the paper-based patient record before the
appointment. Patient questionnaires and the medical history
were then transcribed onto the DPF. From there the documen-
tation assistant manually transferred the data values into the
Excel database. A summary sheet was printed from the Excel
database and ﬁled into the patient record. The summary sheet
gave physicians an overview of the patients’ pruritus history
and provided the basis for further documentation. During the
patient encounter, new data was written onto this summary
sheet. The Excel database was updated on the basis of this
sheet by a documentation assistant. In addition to that, a new
version of the summary sheet was again printed and included
in the patient record for the next follow-up visit.
Fig. 5 illustrates the novel documentation workﬂow after
x4T implementation, which was established in a consensus
process during the integration of x4T.
The novel workﬂow does not differentiate any more
between research documentation for in- and outpatients.
The NeuroDerm questionnaire is completed at home by the
patient and is still manually transferred into the x4T-EDC
by a documentation assistant. Equally to the former work-
ﬂow, patients complete a package of patient questionnaires
on a mobile device while waiting. From the mobile device the
entered data is directly transferred into the respective patient
record. Physicians enter their intervention data directly into
the EHR-based initial medical history form and determine a
preliminary diagnosis. For a follow-up visit the data is col-
lected on the follow-up medical history form within the EHR.
Usually, an electronic report is generated daily in the EHR with
all patients who have a preliminary, but no deﬁnitive diagno-
sis. With the aid of this report list the research investigator
discusses those patients with participating physicians, vali-gers the automated electronic transfer of pruritus related data
into the x4T-EDC.
i n t e r n a t i o n a l j o u r n a l o f m e d i  c a l i n f o r m a t i c s 8 3 ( 2 0 1 4 ) 915–928 921
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Fig. 4 – EPC diagram of the former paper-based pruritus documentation workﬂow including data transfer into the Excel
research database. Distinctions between ﬁrst and follow-up encounter, as well as the research documentation for in- and
outpatients, are made in the workﬂow. Colored processes are subject for the time–motion study. Blue-colored processes are
present in the before and after workﬂow; green-colored disappear after x4T introduction. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 5 – EPC diagram of the new documentation workﬂow after x4T-integration. Distinctions between the in- and outpatient
research documentation processes are eliminated through the novel data collection process. Process activities for the
time–motion study are blue-colored. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)In this regard, a shift of work occurred for the validation
of the clinical data. Before x4T introduction a documenta-
tion assistant has checked the data and transcribed it into
the research database, whereas now the research investiga-
tor performs this step in collaboration with the physicians.
The amount of different workﬂow tasks, in which the hospi-
tal staff is involved, was decreased from seven to four unique
processes. Some process activities appear several times in the
EPC diagram due to the initial and follow-up process. No addi-
tional processes were added to the novel workﬂow. Due to thecapabilities of the EHR, the DPF and the summary sheet are no
longer necessary in the novel process.
Based on the evaluated activities and categories in the
workﬂow, the observed tasks for the time–motion study were
deﬁned. Fig. 6 shows the result of 25 time–motion measure-
ments.Categories are allocated to the responsible actors: Physi-
cians, documentation assistants and others for the automatic
transfer into the x4T-EDC. First of all, the physician’s time,
spent on the documentation of the medical history, remains
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Fig. 6 – Results of the time–motion study. A box represents the average time and standard deviation for each measured
process step. Blue increments indicate process activities that are measured before and after x4T introduction; green ones
only in the before observation. Categories and activities are ordered by their appearance. (For interpretation of the
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teferences to color in this ﬁgure legend, the reader is referre
uite equal between paper-based and electronic data entry
before: 198 ± 12 vs. after: 202 ± 16 s). The same applies to the
ime transcribing the NeuroDerm questionnaire into the Excel
atabase 73 ± 28 and the x4T-EDC 74 ± 27 s. The green-colored
ask of “Retrieving patient record” disappeared just as “Prin-
ing the summary sheet” and “Including it into the patient
ecord”. Before x4T introduction a documentation assistant
as validated the data and transcribed it onto the DPF, which
ook 493 ± 93 s. Now the manual transfer steps are no longer
equired. However, the validation remains and the collab-
rative determination of deﬁnitive diagnoses is performed
nstead, which takes 53 ± 54 s. The time for the entire workﬂow
igniﬁcantly decreased from 1116 ± 185 to 334 ± 83 s (p < 0.001).
.2.2.  Data  quality  assessment
or the completeness of legacy data in the former docu-
entation workﬂow, the mandatory elements “administrative
ata” and “diagnosis” were analyzed in the Excel database.
dministrative data was available in all 2075 (100%) patient
ecords. On consideration of the former clinical workﬂow, out-
atients who  came once, but never again (542 patients) did
ot obtain a deﬁnitive diagnosis. Hence, the entirety of the
ncluded patient records amounted to 1533. In the assessment
f incomplete records, 273 patients had missing values. Thus,
he completeness resulted in 82.2% of the patient records.
In the novel workﬂow new patient records, which need
o be processed before being transferred into the research
atabase, are displayed in a report list within the EHR. For the
utomatic transfer into the x4T-EDC system the data needs
o be validated and a deﬁnitive diagnosis assigned by thethe web version of this article.)
physicians. Due to this implemented trigger, a completeness
of data (100%) is achieved. The completeness of patient care
as well as research documentation is now supported through
two mechanisms: The ﬁrst one is obtained through the imple-
mentation in the clinical workﬂow and integration of x4T. The
second one is realized within x4T-EDC, where physicians can
directly see which study patients have incomplete records,
especially for manually captured data.
The correctness in the former Excel database, in terms of
“data element agreement”, resulted in 54 (2.6%) values, which
did not report compatible information. Equally, the validity
check showed discrepancies mainly in date ﬁelds and in the
zip code. Due to the relatively low amount of 17 (0.8%) date
format and 19 (0.9%) zip code violations, the correction was
done rapidly. In the x4T-EDC system the analysis showed no
discrepancies in the automatically transferred data. A possi-
ble source of errors was reduced by the implementation of
plausibility checks within the EHR and EDC forms.
In 40 records between the DPF and data in the Excel
database the concordance measurement showed 100% agree-
ment of the compared patient data. The validation of data,
which was exported from the EHR and pre-populated within
the eCRFs in x4T, also resulted in 100% concordance.
4.2.3.  Cost–beneﬁt  analysis
Concerning the parameters for the cost-beneﬁt calculation, we
used the values from the pruritus documentation.
The runtime of the pruritus study is not limited but we
assumed a time of 5 years so CServer is D 240. The step of
installing the x4T system took 35 min  (D 17.21). Implementing
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an empty EHR form consumed 17 min  (D 8.36). We  have mea-
sured an average time for creating a single data element
CCreate DE of 30 s (D 0.25). The time for the average mapping
CMap DE was 92 s (D 0.75). With ﬁve implemented EHR forms
and a total of 135 data elements the additional x4T cost were
calculated as followed:
CADD SS = D 4 ∗ 5 ∗ 12 + D 17.21 + D 8.36 ∗ 5 + D 33.75 + D 101.25
= D 434.01
The savings that can be obtained with the x4T system is
composed of the difference in documentation expenditures
per data element between the former and novel documenta-
tion process. In the former data collection process, the actually
captured data elements are on average 74 out of 139, which
resulted in 5.3 s and staff costs of D 0.02 per data elements.
Whereas in the novel system, an average of 43 data val-
ues are actually captured and transferred into x4T-EDC and 82
out of in total 213 data values are actually entered in the EHR
forms. In total, 2.4 s with costs of D 0.015 are spent for docu-
mentation per entered value. Savings in documentation are
calculated in D 0.005ct per entered data value:
SaveSS = (D 0.02 − D 0.015) ∗ nDoc DE ∗ nPat
For the cost-efﬁciency of x4T in the pruritus research study
we calculated with the amount of actually entered data values,
to obtain the break-even point of patient numbers that need
to be documented. With the assumption that the savings are
greater than the additional costs (SaveSS > CADD SS), the formula
for estimating the patient number resulted as follows:
nPat >
CADD SS
(tOld Doc DE − tSS Doc DE) ∗ CDoc DE ∗ nDoc DE
= D 4.34.01D 0.0048 ∗ 82 ≈ 1102
For the pruritus research database, the cost-efﬁciency of
x4T is estimated for an entire study runtime of ﬁve years and
resulted in an amount of documented patients that has to be
greater than 1102.
4.3.  Unexpected  events
Deﬁnitive diagnoses were previously determined by each
physician seeing the pruritus-patients. Due to rotation of
physicians and thus a limited view on the patient history, the
research investigator could not ensure the quality of entered
diagnoses. To improve the quality of diagnoses all physicians
now enter a preliminary diagnosis in the medical history
form (ﬁrst encounter and/or follow-up). In a daily meeting the
research investigator discusses all patients with a preliminary
diagnosis together with the physicians and determines the
deﬁnitive one. This process leads to a deeper understanding
of the patients’ cases. Beyond that, the discussion of patients
results in a teaching effect of, e.g. assistant doctors.i n f o r m a t i c s 8 3 ( 2 0 1 4 ) 915–928
5.  Discussion
5.1.  Answers  to  study  questions
The x4T system was integrated into the clinical workﬂow so
that patients can directly be included into the x4T-EDC as
study subjects. Due to this EHR integration, the pre-population
of study eCRFs with EHR data was enabled. EHR data is now
automatically transferred into the x4T-EDC after a validation
step. In case of the pruritus documentation, the determina-
tion of the deﬁnitive diagnosis and the validation of entered
data within the medical history trigger this transfer.
5.1.1.  Impact  of  x4T  integration  on  the  documentation
workﬂow
Due to the introduction of the x4T system, the documenta-
tion workﬂow of patient care and clinical research in the KCP
was modiﬁed. First of all it led to a simpliﬁed and tidier work-
ﬂow with less process steps. The amount of process steps was
reduced from seven to four and the process of “data transfer”
from the EHR into the research database is now performed
automatically. The removal of redundant tasks as “Transcrib-
ing data from paper into Excel” and “Printing a paper-sheet
out of Excel” resulted in a decrease of media discontinuity and
reduces the risk of transcription errors substantially. Because
of the fewer process steps the study staff might be more  likely
to feel comfortable with the new workﬂow. In addition, physi-
cians are more  concerned with the pruritus cases due to the
novel collaborative task of determining deﬁnitive diagnoses.
By removing redundant documentation steps, the associated
fragmentation of work was also decreased. Especially, work
fragmentation is said to be the reason for frequent task switch-
ing, which leads to emotional stress on physicians [33,34].
The time for the entire documentation process was sig-
niﬁcantly reduced from 1116 ± 185 to 334 ± 83 s. Regarding
the time physicians spend on electronic documentation,
a reduction of additional research documentation provides
motivation for the secondary usage of EHR data.
The steadily increasing number of patients in the pruritus
research database of about 1000 per year with 16,684 trans-
ferred forms in total shows the keen usage of the x4T-EDC
system in the novel workﬂow.
5.1.2.  Data  quality  assessment
Data quality was assessed regarding completeness, correct-
ness and concordance. In addition to faster documentation
times, completeness was increased from 82.2% to 100% due
to workﬂow modiﬁcations as part of the x4T introduction.
Completeness on clinical routine, as well as research data, is
reached through the new task of determining a deﬁnitive diag-
nosis based on an EHR report list. The correctness of the for-
mer  database was quite high with 97.4% so that erroneous data
values could be amended before import into x4T-EDC. Par-
ticularly media discontinuity is a source of errors when data
is transcribed from one medium to another. Fortunately, no
discrepancies were identiﬁed neither in the former nor in the
novel research database.
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.1.3.  Cost–beneﬁt  analysis
his analysis showed that the secondary use of EHR data
s not simply possible without any effort. However, the sav-
ngs that can be achieved with a single-source system need
o be weighed against the costs for the implementation, to
etermine the likely beneﬁt. Setting up the system, creat-
ng EHR documentation forms and mapping corresponding
esearch data elements is a labor-intensive process. If addi-
ional expenditures of the x4T setup are lower than the
avings, the use of the x4T system will be cost-efﬁcient. By
arying the parameters of entered data elements, documented
atients and months of runtime the savings for particular
tudies and the cost-efﬁciency of using the x4T system can
asily be estimated.
In case of the pruritus research database, we  estimated
 runtime of 5 years and an average amount of 82 collected
ata elements per patient. Considering the additional setup
osts of D 434.01, using x4T will be worth the efforts if more
han 1102 patients were documented. It was assumed that x4T
etup is performed by a trained, experienced professional.
The single-source approach using the x4T system is gener-
lly attractive for large-scale studies, which comprise a high
mount of patients with a large number of pre-populated data
lements. In case of long term or register studies, the single-
ource approach with the application of x4T can be beneﬁcial
nd worth the efforts.
.2.  Strengths  and  weaknesses  of  the  study
n the pruritus study a large number of patients and data were
nvolved. For this reason this study was chosen for evalua-
ion of the x4T system. The results presented in this research
ork are representative for a single-site study and ought to
e evaluated in a multi-center setting. In addition, the scope
f x4T-EDC is currently focused on observational studies and
atient registries.
The x4T system facilitates the “Extraction and Investiga-
or Veriﬁcation”-scenario of the CDISC eSDI group and regards
he regulatory requirements for this strategy. The focus of
he x4T system was on academic research questions such as
bservational studies and patient registries, so requirements
or a system validation were not applied during the develop-
ent process. The system validation of x4T is certainly very
esource-intensive – given the complexity of current EHR sys-
ems – but should be feasible in principle. Therefore the topic
f EHR–EDC-integration will become more  and more  impor-
ant in the future.
The usability of this novel process and the x4T system was
ot evaluated due to a lack of users in this study. However, the
4T system is in routine use in the KCP from March 2012 until
ow. In addition, the evaluation was performed after a period
f ﬁve months to accustom the users to the novel documenta-
ion process and avoid possible bias during the introduction.
ue to the reliance on continuously high data quality of clini-
al documentation in the long-term patient care process, the
CP has a great interest in using the documentation system,
hich might have been inﬂuential on the system usage.
Furthermore, the original paper-based documentation
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so that no major alternations in the way of electronic data
capture within the EHR were accomplished.
Well established instruments were used: Procedures for
reporting of the time-motion study [29], categories for the data
quality assessment [15] and STARE-HI for reporting the results
of this study [35]. Data quality was assessed by the appli-
cation of established categories and methods. Nevertheless,
we only assessed “element agreement” and performed “valid-
ity checks” for the correctness and did not review the data
regarding its trueness.
We  were able to make a statement with respect to the
relationship of time and cost savings of the x4T documen-
tation workﬂow and its implementation. Nevertheless, in our
cost–beneﬁt analysis development and maintenance expend-
itures for x4T had been neglected. We  also assumed that x4T
will be available as open source software. In terms of process
times, we  only compared research documentation expendi-
tures and not the costs for the entire routine patient care
data collection. In addition, the cost–beneﬁt analysis was only
based on pruritus research study and its speciﬁc documenta-
tion workﬂow.
From a data quality perspective we  assumed that EHR  data
is entered into a speciﬁc form and was not retrieved from
somewhere out of the electronic patient record. Therefore,
possible search and quality rating efforts were not considered.
In addition, we could not make a statement on the relationship
of cost–beneﬁt and potentially increased data quality, which
might save post-processing costs.
5.3.  Results  in  relation  to  other  studies
We  have revised the paper-based pruritus documentation pro-
cess toward an electronic workﬂow, which results in increased
data quality for patient care as well as research data. These
results comply with a study of Bergrath et al., who  ana-
lyzed whether paper-based data collection satisﬁes scientiﬁc
requirements [36]. They found out that paper-based collected
data resulted in incomplete documentation, making further
research objectives impossible.
EHR systems provide huge amounts of data and therefore
represent potential data sources for different purposes. How-
ever, data should not inconsiderately be reused without any
knowledge of accuracy and purpose of its collection [37]. Ana-
lyzing and revising the clinical documentation workﬂow is one
of the most essential prerequisites in understanding the pur-
pose of source data and to ensure its quality for secondary use,
which is shown in this evaluation study.
The issue of revising the clinical documentation workﬂow
is also discussed in literature [38,39] but has not yet been
evaluated in a study setting. Not only changes in the clini-
cal documentation process but also in the work practice itself
should be carried out to make EHR data useful for secondary
use [40]. Callen et al. assumed that insufﬁcient integration of
electronic summaries into the routine work process may be a
reason for higher error rates in the documentation [41]. This
assumption is conﬁrmed by our results of the integration and
adaptation of x4T in the clinical data collection process, which
led to enhanced data quality and decreased documentation
time.
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Modiﬁcations on the patient care and clinical research doc-
umentation process have been carried out in collaboration
with the KCP working staff, which results in a considerable
decrease of process steps. This effect has led to a reduction
in working time for the entire documentation process. How-
ever, time savings for a secondary use process can widely differ
between studies.
The pruritus documentation time in this study was
improved by an average of 83.2% (787–132 s). Köpcke et al.
also report a decrease in the documentation time of 88.2%
(255–30 s) [9]. Köpcke et al. pre-populated Microsoft Word
documents, which were printed out for further paper-based
completion. In addition, those printed documents had to be
manually entered into the study database. This kind of man-
ual error-prone process of data transcription is completely
being removed by using the integrated x4T system. The source
from where data is transcribed did not really affect the time
for performing this task, which is also shown by Apkon and
Singhaviranon [42].
The data quality of research as well as routinely collected
patient care data was increased from 82.2% to 100% in the
completeness of documentation. Similar results are shown by
Eminaga et al. who also reported an increase in completeness
to 100%, after the system was introduced, but a rate of 2 errors
per 3450 ﬁelds still remains [43]. In a further study, Botsis et al.
reported an incompleteness rate in disease documentation in
pathology reports of 48.2% (1479 missing of 3068 patients) [44].
Completeness of the patient record is particularly important
in clinical studies to analyze and answer research questions.
From an economic point of view it is necessary that costs
of an IT system need to be weighed against the beneﬁts to
determine whether a project should proceed by means of
cost-efﬁciency. In the ﬁeld of reusing EHR data for secondary
purposes, such a cost–beneﬁt analysis has not yet been per-
formed to the authors’ knowledge.
5.4.  Meaning  and  generalizability  of  the  study
The secondary use of routinely collected patient data is desir-
able for multiple purposes, e.g. clinical research or quality
assurance. Due to the x4T integration into the EHR system, the
x4T architecture can create a beneﬁt concerning physicians’
documentation time, elimination of transcription errors, and
increase of data completeness, which was emphasized by this
evaluation study.
The subject of our evaluation was a clinical observational
study concerning pruritus research. Clinical studies like this
are especially common in collecting large amounts of data to
deal with, for instance patient registries. The improvements
in documentation time and data quality in this study can be
assigned to other similar scenarios and by successive analyz-
ing and adapting their clinical workﬂow, beneﬁcial effects for
patient care as well as clinical research are expected. Through
the generic x4T system architecture, a scenario for secondary
use can easily be expanded to other studies.
The results of the cost–beneﬁt analysis allow the estima-
tion of whether the introduction of a single-source system is
worth the efforts in a speciﬁc study setting.i n f o r m a t i c s 8 3 ( 2 0 1 4 ) 915–928
5.5.  Unanswered  and  new  questions
During the interviews with the team in the KCP after x4T
evaluation, physicians reported a satisfactory documentation
workﬂow and a relief for the daily work. Nevertheless, a sub-
sequent research question is concerned with the usability of
the x4T-EDC system.
We  have shown that the data quality was improved through
modiﬁcations of the former documentation workﬂow and
integration of the x4T. An important question in patient care is
how the data quality improvements affect the quality of care.
A further point which is still controversially discussed in lit-
erature [15,37] is the reuse of routinely collected patient care
data the purpose of which is unknown. In this case, an eval-
uation regarding its eligibility for secondary use would be of
great beneﬁt.
Apart from the expenditures to introduce a single-source
system and the savings that can be achieved, it is question-
able what cost impact the increased data quality will have on
the entire savings, e.g. post processed data, which might be
corrected in a non-single-source approach.
Finally, the usage of the pruritus research database should
be nationally expanded [45] and in this context the system
should be evaluated in a multi-site environment.
6.  Conclusion
The introduction of the x4T system and integration into the
clinical and research documentation workﬂow can optimize
the workﬂow of data collection in both areas. A reduced time
span for gathering data, as well as increased data quality, is
achievable. Implementing the x4T single-source system can
create a beneﬁt on the documentation costs if the respec-
tive amount of data elements, which should be collected, is
considered.
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